Abstract The effectiveness of using Tilia cordata extract as a green corrosion inhibitor for carbon steel in 1 M hydrochloric acid solutions was demonstrated by employing some chemical and electrochemical techniques. The surface morphology of C-steel specimens was examined. The results showed that Tilia cordata has corrosion inhibition characteristics with efficiency of 96% as the concentration of Tilia cordata extract increased to 300 mg L -1 . Charge transfer resistance (R ct ) value increases while both the capacitance of the double layer (C dl ) and corrosion current (i corr ) values decrease with increasing the extract concentration. The effect of temperature was studied in the range 30-60°C. Some thermodynamic parameters were calculated and discussed. The adsorption of extract on the C-steel surface was found to obey Langmuir adsorption isotherm. Polarization results showed that the investigated extract acts as mixed type inhibitor. All the different used techniques gave similar results.
Introduction
Corrosion is the process whereby metals and alloys lose their useful properties as a result of a reaction with the surrounding environment. The definition of corrosion is not limited to metals and alloys, but the term, corrosion, can be extended to include ceramics and other nonmetallic materials. Corrosion leads to major problems in most industrial fields [1] . In the recent years, corrosion becomes one of the most challenging topics for scientists and the engineering society. From the standpoint of the importance of metals in industry, carbon steel is considered to be the metal of choice due to its distinctive characteristics, besides the wide application aspects. In several industrial processes such as acid cleaning, acid well acidizing, and acid pickling, rust and contaminated scales were generally removed using acid solutions. Moreover, hydrochloric acid can be produced as a byproduct of crude oil desalting process and some oil refinery treatments [2] . Hydrochloric and sulphuric acids are the most widely used mineral acids in the pickling processes of metals [3] . It is generally known that the spontaneous dissolution of iron in acid solution produces Fe 2? ions, which corresponds to the anodic reaction, accompanied by discharging of electrons by hydrogen evolution at cathodic sites on the metal surface. Because of the general destructive attack of acid solutions, the use of inhibitors to control the aggressiveness of acid environment was found to have widespread applications in many industries [4] . The feasibility of protection methods depend mainly on the conditions and surrounding environment that materials, particularly metals, experienced during service conditions. The use of corrosion inhibitor to minimize corrosion rate in closed service system is well-established and generally accepted [5] [6] [7] [8] . In literature, several organic compounds have been reported as potential corrosion inhibitor for different metals, but on the other hand, ecological and healthy problems have been arisen because of using such synthetic compounds. In recent years, considerable amount of effort devoted to find low cost and efficient corrosion inhibitors from natural resources such as plant extracts that can be used as promising alternative sources for corrosion inhibitors [9] [10] [11] [12] . Several studies reports the use of plant extracts as potential agents to reduce corrosion in various industrial solutions [13] [14] [15] . Inhibitors extracted from plants are renewable resources, readily available, acceptable and friendly for human and environment [11] . To our knowledge, there seems no results have been reported in the literature for using Tilia cordata as corrosion inhibitor. The present work provide an investigation on using an aqueous extract, simply prepared from the leaves of Tilia cordata, as a green corrosion inhibitor to control the corrosion behavior of carbon steel in hydrochloric acid solutions.
Materials and methods

Specimen preparation
The carbon steel used in the present study was brought from Nile Delta Fields, Petrobel Company, Abu-Mady in Egypt. The chemical composition of the material (wt%) is as follows; C (0.17-0.20), Mn (0.35), P (0.025), Si (0.003) and Fe (balance). For weight loss measurements, a rectangle sheet of carbon steel was mechanically cut to prepare seven specimens, each of identical dimensions, 20 9 20 9 1 mm. A small hole with a diameter 2 mm was punched at one top corner of each specimen. Glass hooks were used to hold the specimens in the test solutions.
Solution preparation
Analar grade reagents and bi-distilled water were used for the acid solution preparation. The test solution was 1 M HCl. The hydrochloric acid was purchased from AlGomhoria Co. for chemicals, in Egypt. A volume of 100 ml of HCl solutions was freshly prepared and used as test solution before each experiment.
Preparation of plant extract
The investigated plant was purchased from ''Al Nakyti'' a local plant supplier in Egypt. The studied aqueous extract was prepared from the leaves of Tilia cordata. The leaves were air-dried, grinding down to small pieces. A sample of 150 g of grinded leaves was added to 250 ml of bi-distilled water in a conical flask of a volume 1000 ml, the mixture was boiled for 30 min, and then cooled in dark place, after the extraction process, the crude extract was filtered using Whatman Filter Papers to remove undesirable solid residues and contamination. A volume of 10 ml of the crude extract is taken out and desiccated at fixed temperature. The resultant desiccated solid residue is weighted to aid in determining the concentration of the aqueous extract. A stock solution of 1000 mg L -1 was prepared by taking 70 ml of the crude extract and completed to 1000 ml with bi-distilled water. The range of the plant extract concentration was as follows; 50-300 mg L -1 . Table 1 lists the proposed chemical structure of some phytochemical constituents isolated from a crude extract of Tilia cordata [16] [17] [18] [19] .
Weight loss measurements
The surface of carbon steel specimens were abraded, to a mirror finish, using different grades of emery paper starting with coarser type 80 to finer one 1200, degreased with acetone, rinsed with bi-distilled water and gently dried using filter papers. The procedure of the experiment was as follows; first, the mass of specimens was measured precisely to 0.0001 digits by using a high sensitive electronic balance, and then the specimens were immersed into 100 ml of 1 M Hydrochloric acid solution in absence and presence of various concentrations of Tilia cordata extract at 30°C. For weight loss experiment, the immersion time intervals were (30 min until 180 min). After each interval time, the tested specimens were taken out of the solution, rinsed with bi-distilled water, thoroughly dried and the mass after immersion is precisely reweighted and recorded. The corrosion rate (C R ) in mg cm -2 min -1 was calculated from the value of weight loss divided by the total surface area (cm 2 ) and immersion time (min).
Electrochemical technique
Three different electrochemical techniques were conducted using three electrode system assembled in a glass cell as follows; carbon steel specimen as working electrode (1 cm 2 ), saturated calomel electrode (SCE) acts a reference electrode, and platinum wire serves as an auxiliary electrode. In the present work, the working electrode was made of squared specimen of carbon steel welded with copper rod from one side and totally encapsulated into a glass rod, of larger diameter (5 mm) so that only one face of the carbon steel specimen, of dimension (1 cm 9 1 cm), was left to be exposed to the test solution and act as the active working surface. The reference electrode was connected to a Luggin capillary and the tip of the Luggin capillary is set to be very close to the surface of the working electrode in order to partially eliminate error originated from IR drop. All the measurements performed were subjected to stagnant conditions. Before starting electrochemical experiments, the working electrode was prepared in the same manner of weight loss method and the electrode potential was stabilized for 20 min. All electrochemical results were obtained using Gamry Instrument (PCI4/750) with a Gamry system based on the ESA400 and computerized frameworks include DC105 software for potentiodynamic polarization measurements, EIS300 software for electrochemical impedance (ac) spectroscopy, and EFM140 software for electrochemical frequency modulation measurements. In addition, Echem Analyst 6.03 software was used for data fitting, graphing and plotting.
Potentiodynamic polarization
Tafel curves obtained from potential polarization scan by automatically sweeping the working electrode potential with a scan rate of 5 mVs -1 from (-700 to 700 mV vs. SCE) at open circuit potential. The corrosion current density was calculated by the extrapolation of cathodic and anodic Tafel lines (b c and b a ) to an intersection that gives log i corr and the relevant corrosion potential (E corr ) for the free acid and each concentration of the investigated plant extract. The inhibition efficiency (%IE) and surface coverage (h) were calculated using the obtained values of i corr .
Electrochemical impedance spectroscopy
EIS experiments were carried out at open circuit potential, alternative current signals, in frequency range from 100 kHz to 0.5 Hz with amplitude of 10 mV peak-to-peak, were applied to measure the impedance of the corrosion process. An equivalent electrical circuit was tested to explain the impedance results.
Electrochemical frequency modulation
Two different frequencies 2 and 5 Hz with base frequency equals to 0.1 Hz [20] [21] [22] were applied to obtain the intermodulation spectra of the electrochemical frequency modulation. It is necessary for the value of lower frequency to be not greater than a half of the higher frequency. The higher frequency must also be sufficiently slow that the charging of the double layer does not contribute to the current response. The current responses, obtained from EFM spectra, assigned for intermodulation and harmonical current peaks. The large peaks [23] function to calculate the corrosion current density (i corr ), the slopes of Tafel curves (b a and b c ) and corresponding causality factors [CF-2 and CF-3].
Surface analysis
Three squared pieces of carbon steel specimens, of dimensions (20 9 20 9 1 mm), were used in this analysis, the first piece of metal was used to represent the carbon steel surface without neither exposure to acid nor treatment with extract inhibitor, the second specimen was completely immersed for 12 h into the free acid (1 M HCl) and without exposure to plant extract inhibitor. The third sample of metal was immersed for 12 h in a test solution of 1 M HCl containing 300 mg L -1 of Tilia cordata extract. The surface of these specimens was scanned and examined using scanning electron microscope (SEM, JOEL, JSM-T20, Japan) and the elemental composition of carbon steel surface was detected using energy dispersive X-ray spectroscopy (EDX) Type: Philips X-ray diffractometer (pw-1390) equipped with Cu-tube (Cu Ka1, l = 1.54051 Å ).
Results and discussion
Weight loss measurements
Weight loss in mg per cm 2 was determined in laboratory after equal time interval of immersion into a test solution of 1 M HCl without and with treatment of various concentrations of the investigated additive. As shown in Fig. 1 , curves for additive-containing systems fall below of the free acid. This suggests that the weight loss of carbon steel is a function of both the type and the concentration of the additive. The surface coverage, likewise, the inhibition efficiency increases when the concentration of the additive plant extract increases as indicated by the drop occurs in weight loss per cm 2 , while the inhibition efficiency decreases as the temperature of the test solution increases, this suggests electrostatic mode of adsorption (physical adsorption) generating on the metal surface by the action of plant extract constituents. Table 2 lists the inhibition efficiency (%IE) and the surface coverage (h) obtained from weight loss calculation. The inhibition efficiency (%IE) and the degree of surface coverage (h) were calculated from Eq. (1):
where h is the surface coverage, C 0 R , C R represent the corrosion rates in absence and presence of extract inhibitor, respectively.
Adsorption isotherm
Different mathematical representations were tested to obtain the best fit representing the adsorption isotherms. The studied corrosion inhibition system corresponds to Langmuir adsorption isotherm given by the following equation [24] :
where h represents the surface coverage, C is the concentration of the plant extract inhibitor and K ads is the equilibrium constant of adsorption related to the free energy of adsorption DG ads by the following [25] :
Straight lines obtained when plotting C/h vs. C for the adsorption of the plant additive on the surface of carbon steel in hydrochloric acid at 30°C is shown in Fig. 2 and the adsorption of thermodynamic parameters were calculated and listed in Table 3 . It can be seen that, DG ads become less negative, in other meaning, increase when rising the temperature. This suggests that the adsorption process occurred by the electrostatic attraction. The negative values of DG ads suggest that the adsorbed layer on the carbon steel surface is stable and the adsorption process is spontaneous [26] . The values of DG ads were less negative than -20 kJ mol -1 indicating that the adsorption mechanism of the investigated extract on carbon steel in 1 M HCl solution is consistent with physisorption [27, 28] . The heat of adsorption (DH ads ) could be calculated according to the Van& t Hoff equation [29] :
Log K ads was plotted against 1/T as shown in Fig. 3 to calculate the heat of adsorption DH ads . The straight lines were obtained with slope equal to (ÀDH ads =2:303 R). In consistence with the following equation [30] : 
Effect of temperature
The influence of temperature, on the inhibition efficiency and nature of corrosion process, was explained by Arrhenius and transition state equations. Arrhenius equation:
Transition state equation [31] :
The average value of corrosion rate (k corr ) obtained from weight loss experiment at different temperatures was used to study the effect of temperature. According to Arrhenius equation, the values of Log k corr were plotted vs. 1/T. The resultant curves were straight lines with slopes (-E a * /2.303 R), from which the activation energy of the process can be calculated (E a * ). Likewise, straight lines were obtained when plotting the values of Log (k corr /T) vs. 1/T as shown in Fig. 5 . According to the transition state equation, the slope of these curves equal (-DH * /2.303R) and the intercept is [(log (R/Nh)) ? (DS * /2.303R)], from which the values of DH * and DS * were determined and listed in Table 4 . The results in Table 4 indicate that the activation energy increased in presence of extract than in case of free acid solution. This indicates that the extract molecules adsorbed physically on carbon steel surface. By increasing the temperature the %IE decreased due to desorption of extract molecules from the metal surfaces takes place.
The study of the activation parameters reveals that the activation energy (E a ) increases when the concentration of plant extract increases. To illustrate, the energy barrier of corrosion reaction increases, as a result, the corrosion rate decreases. Moreover, the interpretation of the values and positive sign of the enthalpies (DH * ) reflect the endothermic nature of corrosion process of carbon steel in hydrochloric acid solutions. On the other hand, the values of entropy DS * pertinent to uninhibited and inhibited acid solutions are negative. This implies that the activated complex, in the rate determining step, accompanied by dissociation rather than association, meaning that disordering increases on going from reactants to the activated complex [32] (Fig. 4) .
Electrochemical measurements
Potentiodynamic polarization tests
The kinetics of anodic and cathodic reactions was studied by Tafel polarization measurements. Figure 6 indicates the effect of addition of Tilia cordata on anodic and cathodic polarization curves of carbon steel in 1 M HCl. Both cathodic and anodic reactions were noted to subsidize when the plant extract is added to the test solution, in turn, confirms that this additive reduced the metal dissolution and suppressed the hydrogen evolution reaction largely. Electrochemical corrosion kinetics parameters, i.e., corrosion potential (E corr ), cathodic and anodic Tafel slopes (b a , b c ) and corrosion current density (i corr ) obtained from the extrapolation of the polarization curves, are given in Table 5 . The region between linear part of cathodic and anodic branch of polarization curves becomes wider when Tilia cordata extract is added to the acid solution [33, 34] .
The results recorded in Table 5 showed that the addition of the investigated extract lowers both cathodic and anodic currents without any significant change in corrosion potential. This indicates that this extract acts as mixed type inhibitors. The Tafel polarization results were consistent with those obtained from weight loss method. The surface coverage (h) and inhibition efficiency (%IE) were calculated from the below Eq. (8).
where i°, i are the values of corrosion current density in the presence and absence of Tilia cordata extracts, respectively.
Electrochemical impedance spectroscopy (EIS) tests
The two main parameters, R ct and C dl , deduced from electrochemical impedance techniques are listed in Table 6 . Furthermore, Fig. 7 presents the Nyquist plots of carbon steel in uninhibited and inhibited test solution of 1 M hydrochloric acid solution. The semicircular nature of impedance diagrams indicates that a charge transfer process mainly governs the corrosion of carbon steel, and the dissolution mechanism of carbon steel remains unaffected when the plant extract is added to the test solution [35] (Fig. 8) . The experimental data were fitted to an equivalent electrical circuit, as shown in Fig. 9 , so that the resultant spectra of the Nyquist plots impedance can be investigated. This simulation modeling assists to determine not only the solution resistance R s , but also is useful for predicting other important parameters such as the double layer capacitance C dl and the charge transfer resistance R ct . The values of charge transfer resistance R ct were calculated from the difference in impedance at low and high frequencies obtained from Bode plots. The value of R ct is considered a measure of electron transfer across the carbon steel surface and it is inversely proportional to the corrosion rate. The capacitance double layer C dl was calculated at the frequency f max at which the imaginary component of the impedance is maximal using the equation [36] .
The impedance results presented in Table 6 indicate that the magnitude of R ct value increased while that of C dl decreased with the addition of various concentrations of Tilia cordata to 1 M HCl. The decrease in C dl values results from the adsorption of the plant extract compounds at the metal surface. The double layer between the charged metal surface and the solution is considered as an electrical capacitor. The adsorption of plant extract on carbon steel surface reduces its electrical capacity as they replace the water molecules and other ions adsorbed at the interface surface leading to the formation of a protective adsorption layer on the metal (working electrode) surface which increases the thickness of the electrical double layer. The thickness of the protective layer (d) is related to C dl in accordance with Helmholtz model, given by the following equation [37] :
where e is the dielectric constant of the medium and e 0 is the permittivity of free space (8.854 9 10 -14 F/cm) and A is the effective surface area of the electrode. From Table 6 , it is clear that as the thickness of the protective layer formed by inhibitor molecules, increases, the C dl should decrease. In the present work C dl value was found to reach the maximum in case of the uninhibited solution. Addition of Tilia cordata extract to the aggressive medium is found to decrease the C dl value and also the lowest value was obtained for the investigated extract with the highest inhibition efficiency. The decrease in C dl values on increasing the extract inhibitor concentration is due to building an adsorbed layer on interface surface between the metal and acid solution. The inhibition efficiency of extract inhibitor for the corrosion of carbon steel in 1M HCl is calculated using R ct values as follows: 
Electrochemical frequency modulation measurements
The current response, due to the potential perturbation by applying one or more sine waves, contains useful information about the corroding system. The larger peaks were used to calculate the corrosion current values without prior knowledge of Tafel slopes, and with only a small polarization signal [38, 39] . The causality factors CF-2 and CF-3 are calculated from the frequency spectrum of the current responses. Figure 10 shows the EFM spectra (current vs frequency) of carbon steel in HCl solution in absence and presence of different concentrations of Tilia cordata extract. The corrosion current density decreases on increasing the concentration of Tilia cordata extract, indicating that this extract inhibits the corrosion of carbon indicating that the measured data are valid. The increase in Tilia cordata concentration accompanied by an increase in the inhibition efficiency and the inhibition efficiency was calculated using Eq. (12):
where i corr and i corr are the corrosion current densities in absence and presence of Tilia cordata extract (Table 7) .
Scanning electron microscopy (SEM) studies Figure 11 represents the micrographs obtained for carbon steel samples before and after immersed into 1 M HCl for 12 h, without, and with further treatment of plant extract additive. It can be shown that the carbon steel surface suffer from severe dissolution in case of exposure to the free acid. On the contrary, the surface of carbon steel is found to be less affected by the aggressiveness of the acid solution when exposed to 1 M HCl solution containing 300 mg L -1 of Tilia cordata extract. Besides, the morphology of carbon steel surface is apparently smooth compared to the micrograph obtained in case of the free acid. Moreover, a thin protective layer is formed and evenly distributed on carbon steel surface. This corroborates the involvement of plant extract molecules in blocking the corrosion cells on carbon steel surface by decreasing the contact between carbon steel surface and the corrosive solution that sequentially inhance the inhibition characteristics and show better corrosion protection for the metal surface [40, 41] .
EDX analysis
The elemental composition of the thin film formed on carbon steel surface was analyzed using energy EDX. The results listed in Table 8 provide a comparison between the elemental compositions of carbon steel surface before and after 12 h exposure to the uninhibited and inhibited 1 M hydrochloric acid solution. The EDX analysis indicates that the weight % of carbon is increased, that can be attributed to the carbon atoms of some adsorbed organic molecules, in case of the test solution containing 300 mg L -1 of Tilia cordata extract. This confirms the formation of protective layer, because of the adsorption of some organic constituents dissolved in the aqueous extract of Tilia cordata (Fig. 12) . 
Mechanism of inhibition
However, it is not readily available at this point to determine the specific constituent or group of molecules of the plant extract that are adsorbed onto the metal surface, Tilia cordata exhibited a high content of flavonol O-glycosides (mono-and di-) quercetin and kaempferol derivatives and tiliroside. These constituents are adsorbed onto the metal surface, the adsorbed molecules constitute a physical barrier between the metal and the corrosion medium, thereby reducing the metal dissolution at anodic sites and hydrogen evolution at cathodic sites, also interfering the corrosive attack of acid solutions and protecting the metal surface. Tilia cordata extract provide greater inhibition due to the large degree of surface coverage resulting from the adsorption of particular molecules or a group of constituents from the crude extract [42] .
Conclusion
The good accordance between the results obtained from different experimental methods leads to conclude that an aqueous extract of Tilia cordata can be used as an effective green corrosion inhibitor for the corrosion of carbon steel in hydrochloric acid solutions. The inhibition efficiency percentages increased with increasing the concentration of plant extract, but decreased with raising the test solution temperature. The free energy change of adsorption, enthalpy of adsorption and entropy of adsorption indicated that the adsorption process is spontaneous and exothermic and the phytochemical constituents of Tilia cordata extract adsorbed at the metalsurface interface and produce a protective barrier by the process of electrostatic adsorption (physisorption). The activation parameters reveal that the activation energy increases as the concentration of Tilia cordata increases. Furthermore, the endothermic nature of the carbon steel dissolution process can be inferred from the values of activation enthalpy. In addition, the entropy of activation increased with increasing inhibitor concentration; hence, the system disorder is increased.
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